in short supply for sole application, but also because the combined application of mineral inputs and ORs possi- haps been more related to the types of organic materials being studied (crop residues, temperate tree leaf litter, or fresh leaves-Palm and Rowland, 1997) or the range
that the N and lignin content of hardwood leaf litter resi-A ORs, N mineralization was negatively related to their lignin/N ratio dues significantly affected their decomposition; while (except for Gliricida residues) and for Class C ORs, N immobilization Handayanto et al. (1994) showed that the content of was positively related to their N content. Short-term mineralization soluble polyphenols that were actively binding proteins data supported the existence of three classes of ORs instead of four was better related to decomposition than the total soluoriginally proposed by the DSS. However, ORs also govern other ble polyphenol content. The superiority of certain indifunctions, operating in the medium to long term, and for these funcces over others for predicting N-mineralization has pertions, the original four-class concept may be proven valid.
haps been more related to the types of organic materials being studied (crop residues, temperate tree leaf litter, or fresh leaves-Palm and Rowland, 1997) or the range O rganic resources play a critical role in maintainof resource quality used in the study (Constantinides ing tropical soil fertility and are an integral part and Fownes, 1994) rather than to real differences in the of the currently adopted Integrated Soil Fertility Mancontrols on decomposition and N release patterns. For agement (ISFM) research and development paradigm instance, when only looking at cereal residues, soluble for tropical soil fertility research (Defoer and Budelpolyphenols are likely not going to be included in qualman, 2000; Vanlauwe et al., 2002a) . In the short term, ity-mineralization relationships as such ORs usually ORs release nutrients, may enhance soil moisture concontain Ͻ10 g kg Ϫ1 polyphenols. The different paramditions (Barrios et al., 1997) , or improve the soil availeters for predicting N release have been added or modiable P status (Nziguheba et al., 2000) . In the long term, fied as different plant materials with more diverse recontinuous inputs of ORs influence the levels of soil orsource quality parameters have been studied. ganic matter and the quality of some or all of its pools Although ORs are not new to tropical agriculture, a (Vanlauwe et al., 1998; Cadisch and Giller, 2000) . Inteseminal synthesis on organic matter management and grated Soil Fertility Management recognizes that both decomposition was written only in 1979 (Swift et al., 1979) . mineral inputs and ORs are required for sustainable trop-
The Organisms-Physical environment-Quality frameical agriculture, partly because either of those usually is work for organic matter decomposition and nutrient release, proposed by Swift et al. (1979) was later trans-B. Vanlauwe and C. Gachengo, Tropical Soil Biology and Fertility lated into hypotheses underlying management options
Institute of CIAT, P.O. Box 30677, Nairobi, Kenya; K. Shepherd, to improve nutrient acquisition and crop growth (Swift, World Agroforesty Centre (ICRAF), P.O. Box 30677, Nairobi, Kenya; SOIL SCI. SOC. AM. J., VOL. 69, JULY-AUGUST 2005 Classes I to IV (Palm et al., 2001) . Some reference to plant Palm et al. (2001) compiled the Organic Resource Dataage is also mentioned as canopy age of hedgerow trees was base (ORD) that currently contains information on observed to affect the quality of its prunings (Vanlauwe et al., quality parameters of plant materials, including macro- , and low lig-(N, P, K, Ca, and Mg) were analyzed after complete oxidation nin (Ͻ150 g kg Ϫ1 ) content and is proposed to be applied of the plant materials by Kjedahl digestion (Anderson and directly to a growing crop. Classes II and III ORs are Ingram, 1993) . Nitrogen was determined from 5 mL of aliquot proposed to be mixed with either fertilizer or Class I of the digestion mixture using an auto analyzer (Skalar Analytical, BV, The Netherlands) while K was determined through ORs as these classes have either a high N (Ͼ25 g kg Ϫ1 )
flame photometry (Okalebo et al., 2002) . Phosphorus was meaand a high polyphenol (Ͼ40 g kg , and a low lignin Total C of the ORs was measured using potassium dichromate content (Ͻ150 g kg Ϫ1 ) (Class III). Class IV ORs have (Anderson and Ingram, 1993) . Water-soluble C was obtained a low N (Ͻ25 g kg Ϫ1 ) and a high lignin content (Ͼ150 g by wet oxidation, using potassium dichromate, of an organic kg Ϫ1 ) and are advised to be applied as surface mulch. anol-water mixture, while the lignin content was measured Validation of the N availability patterns relative to crop through the acid detergent fiber (ADF) route (Anderson and demand and productivity that is implicit in the above Ingram, 1993) . Finally, the protein binding capacity of soluble conceptual model is a necessary step in converting the polyphenols was determined following Handayanto et al. (1994) .
DSS into a robust OR management tool. It is thereby necessary to use a large and well-chosen range of ORs Aerobic Incubation covering the complete OR quality spectrum and to mea-A sandy-loam soil (Kandiustult) was used for the incubation sure resource quality using standardized approaches. One experiment, sampled from the 0-to 15-cm layer of a farmer's of the commonly used assessments for C and N mineralfield in Teso, Western Kenya. The soil had the following charization is an aerobic incubation under controlled condi- (Tian et al., 1996; Cobo et al., water of 5.4. The soil was moistened with distilled water to 2002). A validation of the DSS should cover the curattain 40% water-holding capacity, determined after allowing rently accepted (incubation, IVDMD assay), standardsaturated soil to drain for 24 h at room temperature. The soil was then kept at room temperature for 2 wk before incubation.
ized approaches for assessing OR quality and C and N Fifty grams oven-dry weight equivalent of soil was thoroughly mineralization, as the final aim of OR quality assessment mixed with the ORs at a rate equivalent to 5 Mg ha Ϫ1 dry is to relate OR characteristics with specific OR-driven weight basis (178.6 mg dry matter per 50 g dry soil) and placed functions.
in 60-mL bottles. Control soils did not receive any ORs. The
The objectives of this work were (i) to explore relationbottles were placed in incubation jars (250 mL glass bottles) ships between the aerobic incubation and the in vitro dicontaining 10 mL of distilled water to help maintain the moisgestibility approach for assessing short-term OR C and ture content of the soil-OR mixture during the incubation N mineralization dynamics, (ii) to evaluate relationships period and a vial with 10 mL of 0.5 M NaOH to trap CO 2 between short-term decomposition dynamics and OR released during decomposition and mineralization of the ORs. characteristics, and (iii) to validate the conceptual model
The jars were tightly sealed and kept in the dark at 25ЊC. Sufficient jars were set up to allow for four destructive samproposed by Palm et al. (2001) , thereby using a set of pling times, three times replicated (12 jars per treatment). The plant materials covering a wide range of biochemical jars were arranged in a completely randomized design. Jars properties and analyzed using standard procedures.
without soil added were used as blanks. After 3, 7, 14, and 28 d, CO 2 trapped in the NaOH solution was determined by
MATERIALS AND METHODS
titrating the excess base with 0.5 M HCl (ICRAF, 1995) and all NaOH traps were replaced to avoid saturation of the NaOH
Plant Materials Used
solution (except at Day 28). On the same dates, three jars per treatment were destructively sampled for mineral N determiThe selection of 32 ORs, collected from different parts of Kenya (Table 1) , was based on prior knowledge of OR quality nation. Mineral N was also determined at the beginning of the experiment. Ammonium N and NO 3 Ϫ -N in the soil were parameters, as documented in the ORD and belonging to determined after extracting 20 g of fresh soil with 100 mL of by a 24-h acid-pepsin digestion phase that maintained the 2 M KCl (Dorich and Nelson, 1984) . Nitrate N was determined same temperature and anaerobic conditions. Plant material through Cd reduction of NO 3 Ϫ -N to NO 2 Ϫ -N and the NO 2 Ϫ -N remaining after the 72-h incubation was collected, oven dried concentration was determined colorimetrically at 525 nm while at 105ЊC for 12 h, and weighed. Ash contents were determined NH 4 ϩ -N was determined colorimetrically at 655 nm (ICRAF, by heating residual plant materials at 550ЊC for 2 h. Control 1995).
bottles followed exactly the same procedure but were incubated without plant material. In vitro dry matter digestibility
In Vitro Dry Matter Digestibility Assay
was calculated on an ash-free basis as: In vitro dry matter digestibility is a laboratory assay com-IVDMD (g kg Ϫ1 ) ϭ monly used as OR quality index for animal feed by animal nutritionists (Harris, 1970 Carbon and N mineralization data were analyzed using mixed C mineralization (%) ϭ modeling procedures of the MIXED procedure of SAS (SAS Institute, 1992), for each time of analysis separately, and stan-CO 2 -C in treated soil-CO 2 -C in control soil C added to the treated soil 100 dard errors of the difference (SED) were calculated using the LSMEANS option. In the mixed model analysis, 'treatment' N mineralization (%) ϭ
was used as a fixed factor and 'replicate' as a random factor. Statistically significant means were separated with pairwise t Mineral N in treated soil-Mineral N in control soil N added to the treated soil 100 tests, using the PDIFF option of the LSMEANS (least square [3] means) procedure. Single and multiple regression (STEPWISE method) techniques (SAS Institute, 1985) were used to relate decomposition dynamics, averaged over all replicates, to various OR characteristics. In the multiple regression calculations, independent variables entered the regression model at the 0.15 significance level.
RESULTS

Residue Quality
The ORs contained between 1.4 and 53.2 g kg Ϫ1 of N, 25 and 295 g kg Ϫ1 of lignin, and 4 and 148 g kg Ϫ1 of soluble polyphenols ( Table 2 ). The protein binding capacity (PBC) ranged between 12 and 322 mg bovin serum albumin g Ϫ1 dry matter. The PBC was linearly related (R 2 ϭ 0.79) to total extractable polyphenols for tween 199 (sawdust) and 905 mg CO 2 -C kg Ϫ1 soil (Ses- bania sesban leaves) (Fig. 2) . The control soil produced different from 0 (Class B), and a third class with values significantly below 0 (Class C). Pearson correlation coef-135 mg CO 2 -C kg Ϫ1 soil during the same period of time. Most Calliandra residues decomposed relatively slowly ficients among the percentages of applied N mineralized at the various sampling dates varied between 0.82 and while the Gliricida leaf or leaflet residues produced medium to large amounts of CO 2 -C (Fig. 2) . In general, 0.98 (data not shown). In vitro dry matter digestability ranged between 70 g most CO 2 -C release curves exhibited an initial flush in CO 2 -C evolution, followed by a period with a relatively kg Ϫ1 (Eucalyptus sawdust) and 820 g kg Ϫ1 (Crotalaria ochroleuca leaflets) ( Table 2) . A highly significant linear constant CO 2 -C production rate between Days 7 and 28, except for some ORs that produced relatively higher relationship was observed between the cumulative C release at 28 d and the IVDMD (Fig. 5) . In contrast to the amounts of CO 2 -C during the later stages of decomposition after an initial low activity (Fig. 2) . Pearson correla-C mineralization the relationship between IVDMD and N mineralization was more complex. Organic resources tion coefficients among the cumulative proportions of added C mineralized at various sampling dates varied that exhibited a net N release above the control (positive proportion of N mineralized) after 28 d showed a 1:1 rebetween 0.88 and 0.97 (data not shown).
Mineral N contents (nitrate N and ammonium N) at lationship with IVDMD values although the relationship became increasingly uncertain at lower values. For 28 d varied between 5 (Sesbania stems) and 109 mg N kg Ϫ1 soil (Sesbania leaves) (Fig. 3) . Of the 32 ORs used, ORs having negative N mineralization values (soil mineral N immobilization) two trends could be observed: 12 resulted in less soil mineral N after 28 d than the unamended control soil, which contained 30 mg N kg Ϫ1 (i) resources with a low N, polyphenol and lignin content appeared to have IVDMD values ranging from 500 to soil. When expressing N release as a proportion of the total amount of N added, 7 ORs had negative values sig-600 g kg
Ϫ1
, independent of the N mineralization data (Fig. 5) and (ii) resources having a low N content and nificantly lower than 0 while 12 ORs had values significantly above 0 (Fig. 4) . There appeared to be three classes either a high polyphenol or a high lignin content showed IVDMD values decreasing with the proportional N reof ORs (Fig. 4) , one class with N-mineralization values significantly above 0 (Class A), one class with values not lease values (Fig. 5) . 
DISCUSSION
proportional C release (Fig. 6) .
When considering short-term N release from ORs, Lignin, polyphenol, and soluble C content of the ORs having three rather than the original four classes, proexplained 86% of the variation in cumulative C mineralposed by Palm et al. (2001), appears to be sufficient. In ization (Table 3 ). In vitro dry matter digestibility was the current work, ORs of Class A (Fig. 4) had Ͼ34 g related to lignin, polyphenol, and soluble C content, exkg Ϫ1 of N, Ͻ52 g kg Ϫ1 of soluble polyphenols (except plaining 83% of its variation. Cumulative N mineralizaSample 16 of Calliandra with 100 g kg Ϫ1 polyphenols), tion was related to N, C, lignin, and soluble C content of and Ͻ170 g kg Ϫ1 of lignin (Fig. 4) . This is in close agreethe ORs, although N content on its own explained alment with the original threshold values of 25 g kg Ϫ1 N, ready 76% of the variation (Table 3) . When considering 40 g kg Ϫ1 polyphenols, and 150 g kg Ϫ1 lignin, for Class only Class C data (Fig. 4) , a highly significant linear re-I residues proposed by Palm et al. (2001) . Organic relationship was observed between N-immobilization and sources belonging to the current Class B had Ͼ26 g kg
Ϫ1
the N content of the ORs (Fig. 7a) . For Class A data of N, Ͼ37 g kg Ϫ1 of polyphenols, and Ͻ130 g kg Ϫ1 of (Fig. 4) , no significant relationship between N minerallignin (Fig. 4) . Again these values correspond closely ization and any specific OR quality parameter was obwith two of the threshold values for the Class II reserved. Excluding the Gliricidia samples, however, N sources (25 g kg Ϫ1 of N and 40 g kg Ϫ1 of polyphenols) mineralization was linearly related with the lignin/N ratio of the ORs (Fig. 7b) Class II ORs have a lignin content Ͼ 150 g kg Ϫ1 and/or medium to long term, however, lignin may override the influence of N and polyphenols (Palm and Rowland, a polyphenol content Ͼ40 g kg Ϫ1 , 10 of the 14 ORs used in this study that were grouped as Class II or Class B 1997) . Note that the above framework was not valid for the have a lignin content Ͻ 150 g kg Ϫ1 and a polyphenol content Ͼ 40 g kg Ϫ1 . When screening the complete ORD cattle manure (Sample 24) and the Gliricidia stem (Sample 26) and leaflet (Samples 10, 11, and 29) treatments. (Tropical Soil Biology and Fertility Institute, 1997), 68% of the Class II resources have similar properties, indicatThe two former ORs had a relatively low N content (25 and 16 g kg Ϫ1 , respectively) and a relatively high lignin ing that ORs with high N and high lignin content are less common. Organic resources of Class C were an amalcontent (173 and 204 g kg Ϫ1 , respectively) but failed to immobilize substantial amounts of soil N after 28 d of gamation of Class III and IV ORs proposed by Palm et al. (2001) , as their only quality parameter distinguishincubation. Vanlauwe et al. (2002b) similarly showed that animal manure samples did not follow the predicted ing them from the current Class A and B is their low N content (Ͻ20 g kg Ϫ1 ), resulting in immobilization of release patterns. Manure samples are known to behave differently from plant materials as the former have gone soil-derived N (Fig. 4) .
The three classes of ORs presented in Fig. 4 are mainly through a decomposition phase when passing through the digestive system of the cattle (Delve et al., 2001 ), distinguished by their N and polyphenol contents as the ranges of lignin contents of the various classes overlap thus rendering the C less available and resulting in relatively less N immobilization. The Gliricidia leaf materisubstantially (Fig. 4) . While Palm et al. (2001) used lignin content to distinguish between Classes III and IV, als used in this study (Samples 10, 11, and 29) released substantially more mineral N than would be expected in this work these classes were found to be merged into a single Class C. Short-term N mineralization has been from their relatively high lignin/N ratio (Fig. 7b) . The relatively higher availability of N from all Gliricidia observed earlier to be driven by N and polyphenol contents (Palm and Sanchez, 1991) . Shepherd et al. (2003) residues compared with the other ORs can be caused by a lack of complete digestion of the lignin-like fraction similarly concluded, after reanalyzing the original data used by Palm et al. (2001) , that lignin concentration had during the ADF or H 2 SO 4 extraction step. When consulting the ORD, the average N content of all Gliricidia no predictive power in classifying N release once N concentration was taken into account. However, when leaf residues is 35 g kg Ϫ1 (Ϯ7 g kg Ϫ1 ), their lignin content 114 g kg Ϫ1 (Ϯ46 g kg Ϫ1 ), and their polyphenol content zooming in on Class A, lignin was observed to influence N release (Fig. 7b) . Lignin contents did not impact on 19 g kg Ϫ1 (Ϯ8 g kg
). Although four of the 25 Gliricidia leaf lignin entries contain lignin contents above 150 g N immobilization for Class C residues perhaps because the available C content of these ORs was sufficiently kg
, the lignin contents of the Gliricidia leaflet residues in this report appear to be on the high side (108, 157, high to maintain microbial activity within a 28-d period (Vanlauwe et al., 1996) . When looking at impacts in the 167 g kg Ϫ1 ), more so because leaflets usually contain less lignin compared with complete composite leaves. The Considering these relationships, direct inclusion of PBC current inability to predict N release from Gliricidia resiin the OR quality characterization would not improve dues could not be confirmed by other reported studies N-mineralization-quality relationships. as mineralization of Gliricidia residues is usually found Taking into account all the information presented to be equally predictable as for other ORs used (Tian above, the minimal dataset required to predict shortet al., 1992; Palm and Sanchez, 1991) .
term N mineralization appears to consist of N and solu-A relationship was observed between the soluble polyble polyphenol content. Assessment of lignin content phenol content and the PBC (Fig. 1) . A similar trend may assist in further fine-tuning mineral N release patwas also observed for the data presented by Handayanto terns of Class A materials. Caution is needed, however, et al. (1994) and Mafongoya et al. (1998) . Research as especially measuring soluble polyphenol contents can over the past 10 yr has suggested it is the tannin-like be problematic if care is not taken to fully standardize polyphenols (represented by the PBC here) that are plant material preparation and the assay itself (Conimportant in regulating N availability patterns (Handastantinides and Fownes, 1994; Rowland, 1997). yanto et al., 1994) . Results from this study, however, inEspecially the temperature for drying the plant materidicate that for ORs having Ͻ80 g kg Ϫ1 of soluble polyals (Dzowela et al., 1995) and the dry matter/extractant phenols, the PBC was low, while for ORs with Ͼ80 g ratio affect final soluble polyphenol contents (Conkg Ϫ1 of soluble polyphenols, a strong linear relationship stantinides and Fownes, 1994). Also for measuring lignin could be observed between both quality parameters.
contents, various wet chemistry approaches are possible, each with their own limitations. Also here, standardization is an important issue. Finally, increased utilization of near infrared spectroscopic approached will increase the accuracy of predictions of specific OR quality properties or even functions, thereby avoiding wet chemistry or labor-intensive incubations (Shepherd et al., 2003) . Carbon release was found to be positively related to the soluble C content of the ORs and negatively to the lignin and polyphenol content (Table 3) . Lignin and polyphenol-protein complexes are known to be chemically protected from decomposition (Hammel, 1997; Giller and Cadisch, 1997) . Nitrogen content of the ORs did not appear as an important factor of C release indicating This is likely caused by the relatively high mineral N content of the soil at the start of the incubation (28 mg Within the context of ISFM, ORs are hypothesized to play multiple roles in improving soil fertility, besides N kg Ϫ1 soil), which was never depleted to values below releasing N. These are, among others, water retention 5 mg N kg Ϫ1 soil for any of the treatments or incubation and weed suppression through surface application of periods. Recous et al. (1995) observed decreases in C minORs, altering the P sorption capacity of the soil, or proeralization rates of maize (Zea mays L.) residues after ton buffering and these functions may have been related disappearance of all soil inorganic N in treatments that to other OR quality attributes than those commonly asinitially had 10 and 30 mg N kg Ϫ1 soil.
sociated with decomposition and mineralization (Cadisch For ORs showing net N immobilization (negative proand Giller, 2000) . When considering the very diverse funcportions of N mineralized) in the aerobic incubation, tions of ORs, the Class C residues are likely going to be IVDMD values of the ORs with low lignin and polyphenol content were rather constant (about 550 g kg
while IVDMD values of the ORs with either high polyphenol and/or high lignin content decreased with decreasing proportional N release (Fig. 5 ). Organic resources with low N contents and low lignin and polypenol contents usually decompose relatively slowly under aerobic conditions due to the lack of sufficient mineral N for optimal microbial activity (Recous et al., 1995) . The IVDMD assay, however, is based on an anaerobic microbial decomposition phase followed by an enzyme digestion phase. In both phases, decomposition of the ORs with low biochemical resistance against decomposition is unlikely to be affected by lack of N, resulting in different assessments of decomposability when comparing IVDMD with aerobic incubation data. For ORs with either high polyphenol or lignin content, the ORs themselves have some biochemical protection against decomposition and are therefore likely not going to be easily digested during the IVDM process, even when N availability is not a limiting factor.
Various factors will impact differently on the decomposition processes as assessed under controlled laboratory conditions compared with field conditions, such as varying particle size and soil-OR contact, absence of leaching and macrofaunal influences in laboratory incubations, differences in temperature and moisture conditions, or crop root-induced influences on OR decomposition. This is illustrated for the case of maize stover and other Class III resources. While in the current study, maize stover (Sample 1) and other Class III residues were observed to result in substantial immobilization but the former contained Ͻ40 g kg Ϫ1 soluble polyphe-
